For guiding the modification of the lead compound, the DFT (density functional theory) method, with the basis set 6-31G * , was employed to calculate the molecular geometries and electronic structures of sesquiterpene lactones as aromatase inhibitors. According to the correlation analysis, E LUMO (energy of lowest unoccupied molecular orbital) had positive impact on the inhibition activity. Quantitative structure-activity relationship model based on stepwise multiple binomial regression was established. Docking between sesquiterpene lactones and human aromatase was simulated. The pharmacophore analysis results of the docking complex showed that the external double bond of compound 1 (10-epi-8-deoxycumambrin B) is not the pharmacophore and could be modified to eliminate the cytotoxicity of the molecule.
Introduction
Aromatase is an essential enzyme in estrogen biosynthesis converting the aliphatic androgens testosterone and androstenedione to the aromatic estrogens estradiol and estrone respectively. Regulation of this enzyme plays an important role in many physiological processes and in certain diseases such as estrogen dependent breast cancer [1] [2] [3] .
Sesquiterpene lactones (SLs) are one of the largest biogenetically homogenous groups of natural products, which are known to possess a wide variety of biological and pharmacological activities, such as anti-microbial, anti-tumor, anti-inflammatory [4] . A group of eleven sesquiterpene lactones isolated from different Asteraceae species from northwestern Argentina were investigated by Javier et al. for their inhibitory action on the estrogen biosynthesis. Seven of them ( Fig. 1 ) were found to inhibit the aromatase enzyme activity in human placental microsomes, showing IC 50 values ranging from 7 to 110 M. The most active was the guaianolides 10-epi-8-deoxycumambrin B (compound 1) [5] . In a further paper, Blanco et al. reported to obtain the compound 8 (11 H, 13-dihydro-10-epi-8-deoxycumambrin B) by a semi-synthetic modification of 1 (hydrogenation of the external double bond) that did not alter the aromatase inhibitory activity, but eliminated the cytotoxicity of the molecule [6] . Now the action on aromatase has not been so far described enough for the sesquiterpene lactones. So for guiding the modification of the lead compound, the aim of this present paper is to obtain quantitative structureactivity relationship of sesquiterpene lactones with the inhibition of aromatase activity by DFT (density functional theory) calculation method and find the binding sites between sesquiterpene lactones and aromatase using molecular docking method. 
Materials and Methods

Data set
In this work, IC 50 values of compounds 1-8 to aromatase were adopted from the literatures [5, 6] and converted to pIC 50 (-log IC 50 ). They were listed in Table 1 , together with the calculated values.
Computation of descriptors
The geometries of all molecules involved in this study were fully optimized by using the DFT method with the B3LYP functional [7, 8] . A standard valence double-zeta basis set, 6-31G * , was used for all kinds of atoms. All of DFT calculations were performed using the GAUSSIAN 03 program [9] on a 4-processors HP workstation. Then the following molecular descriptors were collected: total energy (TE), dipole moment (DM), surface area (Area), volume, LogP, frontier orbital energies E HOMO (energy of highest occupied molecular orbital), E LUMO (energy of lowest unoccupied molecular orbital) and the difference between E HOMO and E LUMO ( E) [10] .
Molecular Docking
A docking simulation was performed using ArgusLab4.0.1 [11] . The scoring method Ascore from the ArgusLab 4.0.1 suite is based on the decomposition of the total protein-ligand binding free energy, taking into account the following contributions: the van der Waals interaction between the ligand and the protein, the hydrophobic effect, the hydrogen bonding between the ligand and the protein, the hydrogen bonding involving charged donor and/or acceptor groups, the deformation effect, and the effects of the translational and rotational entropy loss in the binding process, respectively [11] . The atomic co-ordinates for the structure of human aromatase were downloaded from the Protein Data Bank (PDB Code: 1TQA) [12] . Pharmacophore analysis of the final ligand-protein complex was performed using LigandScout (Evaluation version) [13] .
Results and Discussion
Quantitative structure-activity relationship
Stepwise multiple binomial regression analysis of compounds 1-8 generated model as follows: Where R is the correlation coefficient, F 1,6 is the Fisher ratio at the 95% confidence level, S is the standard deviation of the regression, P is the significance of the variables in the model, d is Durbin-Watson statistics value, n is the number of compounds used. According to the correlation analysis, correlation coefficients between E LUMO ( E) and pIC 50 are 0.73 (-0.56). E LUMO had positive impact on the inhibition activity, whereas E decreased the activity. The calculated pIC 50 values of the model were listed in Table 1 . 
Docking study
Docking simulation between sesquiterpene lactones (1, 8) and human aromatase was performed. The binding free energy of compound 1-aromatase complex is -9.28 kcal/mol, while the binding free energy of compound 8-aromatase complex is -9.89 kcal/mol. The pharmacophore analysis results of the docking complex are shown in Fig. 2 . The hydrogen bonds could be formed between sesquiterpene lactones (1 or 8) and the amino acid residues Asp222. There may be hydrophobic space action between compound 1 and the amino acid residues Phe134, Ala223, Ala226, Ile305, Ala306, Val373. The hydrophobic space action could also be formed between compound 8 and the amino acid residues Ile132, Ile133, Phe134, Ala223, Ile305, Val373, Met374. From the docking and pharmacophore analysis results, we can conclude that the external double bond of compound 1 is not the pharmacophore and could be modified to eliminate the cytotoxicity of the molecule. The pharmacophore could be the hydroxyl and methylic group of the molecular. 
Conclusions
Quantitative structure-activity relationship model between the inhibition of aromatase activity of sesquiterpene lactones and their molecular descriptors were established based on DFT method. The correlation analysis showed that the pIC 50 values of sesquiterpene lactones to aromatase increased with E LUMO increased and E decreased. Docking simulation between sesquiterpene lactones and human aromatase was performed. The pharmacophore analysis results of the docking complex showed that the external double bond of compound 1 (10-epi-8-deoxycumambrin B) is not the pharmacophore and could be modified to eliminate the cytotoxicity of the molecule.
